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We consider the cosmological constraints on supersymmetric theories with a new, stable 
particle. Circumstantial evidence points to a neutral gauge/Higgs fermion as the best candidate for 
this particle, and we derive bounds on the parameters in the lagrangian which govern its mass and 
couplings. One favored possibility is that the lightest neutral supersymmetric particle is predomi- 
nantly a photino 5' with mass above 12 GeV, while another is that the lightest neutral supersymmet- 
ric particle is a Higgs fermion with mass above 5 GeV or less than O(100) eV. We also point out 
that a gravitino mass of 10 to 100 GeV implies that the temperature after completion of an 
inflationary phase cannot be above 1014 GeV, and probably not above 3 × 1012 GeV. This imposes 
constraints on mechanisms for generating the baryon number of the universe. 
1. Introduction 
In the past few years, supersymmetric extensions of the standard model of particle 
physics have received a great deal of attention from theorists [1]. All these models 
predict an exciting variety of new particles. Alas, there are few experimental 
constraints on their masses and couplings, particularly on those of new neutral 
particles. To guide future work, both experimental and theoretical, we must learn all 
we can about the parameters of these theories. Here, as in many other cases, useful 
information can be obtained from a study of early cosmology. (For a review of this 
subject, see ref. [2].) 
The essential feature of supersymmetric theories which makes them amenable to 
cosmological study is that, in many models, one of the new particles is absolutely 
stable. By "new," we mean the superpartners of any ordinary particles: gauge 
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We present a detailed study of gravitino production and decay subsequent to cosmological inflation. We calculate the 
cross sections for gravitino production in collisions of particles in the supersymmetric standard model, and use them to cal- 
culate the regenerated abundance of gravitinos as a function of the maximum reheating temperature Tmax- An upper limit 
on the gravitino mass density during cosmological nucleosynthesis requires Tma  x < 0.90 X 1016 GeV and considerations of 
the entropy released when gravitinos decay require Tma x < 2.2 X 10 la GeV, while more careful analyses of their decay 
products' disruptive effects on light nuclei and on the microwave background radiation suggest Tma x < 109-101° GeV. 
Many phenomenological supersymmetry models ,1 
employ the super-Higgs mechanism to break super- 
symmetry spontaneously, and envisage the existence 
of a gravitino with mass m3/2 = O(Mw) = O(100) GeV. 
Such a gravitino could be a severe cosmological em- 
barrassment [2], since its lifetime is longer than the 
age of  the universe during cosmological nucleosyn- 
thesis. One must ensure that it does not alter the rate 
of  expansion of  the universe during that epoch, which 
would alter the primordial abundances of  light nu- 
clei. Furthermore, subsequent gravitino decays should 
not disrupt conventional cosmology, for example by 
their decay products producing excess entropy, disso- 
ciating the light nuclei previously produced, or distort- 
ing the microwave background. It has been proposed 
that this cosmological gravitino problem may be 
solved by an inflationary epoch which suppresses the 
primordial gravitino abundance. Initial calculations 
[3] underestimated [4] the abundance of  gravitinos 
produced after inflation but before nucleosynthesis, 
but it still seems that the abundance of  gravitinos dur- 
ing and after nucleosynthesis may be acceptably low 
if the maximum temperature Tmax to which the uni- 
verse reheated at the end of  the inflationary epoch 
was sufficiently low [5]. 
i On leave of absence from Department of Physics, Seoul 
National University, Seoul 151, Korea. 
,1 For arecent review see ref. [1]. 
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The purpose of  this paper is to investigate this pos- 
sibility in more detail than has been done previously 
[ 2 - 5 ] ,  making an analysis which is as quantitative as 
possible. This we do in three steps. First we set up the 
Feynman rules for gravitino interactions, and use them 
to calculate gravitino production cross sections at high 
energies, and the gravitino decay rate. Next we use 
these results to estimate the gravitino number density 
produced subsequent to inflation, which is essentially 
linear in the maximum reheating temperature Tmax. 
Finally, we set upper limits on the gravitino number 
density, and hence on Tmax, by requiring (a) that their 
mass density at the moment of  neutrino decoupling 
during nucleosynthesis be less than the energy density 
in a single neutrino species, (b) that the entropy re- 
leased in gravitino decay be less than the total entropy 
present in other particles during the decay epoch, (c) 
that the gravitino's decay products do not break up 
light nuclei, and (d) that they do not distort the micro- 
wave background. All these constraints are quite plau- 
sible, though the bounds (c) and (d) may be subject to 
more uncertainties than are (a) and (b). Finally, we 
discuss the implications of  our results, commenting in 
particular on the implications of  our results for infla- 
tionary models ,2. 
,2 For a recent review see ref. [6]. 
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In attempts to s imultaneously have galaxy formation with adiabatic fluctuations, dark galactic 
halos and a critical S2 = 1, recent models have been proposed with a heavy (cold) species which 
decays and a lighter (hot or warm) one which is stable. Surprisingly enough,  these models are very 
constraining. Independent  of  the panicle physics model, the decay width of the heavy panicle 
must  be O(10 40) GeV. Such a scale is only natural in theories involving gravity where one expects 
F ~ M 3 / M  2, where M H is the mass of the heavy particle and Mp iS the Planck mass. In this paper, 
we suggest that the heavy panicle might be the gravitino which is present in all supergravity theories. 
This model would then require that the gravitino decay products not include photons,  indicating 
that the lightest supersymmetric  panicle (LSP) must  be something other than the photino. An 
acceptable candidate for the LSP might be the axino, the supersymmetric panner  of  the axion. 
Inflationary models [1] imply that we live in an 12 = 1 universe. (,(2 = P/Pcrit, where 
p is the cosmological density and Pcri, is the critical density.) Observational determi- 
nations of  12 indicate that the luminous parts of  spiral galaxies contribute only a 
fraction [2] 12 = (2-6) × 10 -3. On larger scales, those of binaries and small groups 
of galaxies (which would include galactic halos), one finds [2] 12 = 0.05 to 0.15. 
Even on the largest scales where determinations of  12 have been made one finds 
[2, 3] ([2] contains a review) that 12 is probably no larger than a few tenths. In short, 
this represents a hierarchy of missing mass problems. I f  g2 is actually one, then a 
large fraction of the mass of  the universe is either totally or as yet unclustered. 
In addition, the observation of quasars at redshift z ~> 3 indicate condensed objects 
have formed by that epoch and yet the limits on the isotropy of the microwave 
background show that temperature variations 6T/T at decoupling ( z -  1000) were 
[4] - 6  × 10 5. Assuming baryons are produced by grand unified interactions in the 
early universe, then only adiabatic primordial density fluctuations are reasonable 
[5]. Therefore baryon density fluctuations are limited to be small at decoupling 
and only nonbaryonic matter with/2 ~ 1 can have fluctuations grow rapidly enough 
[6]. (For 12 < 1 density fluctuations stop growing at z -  1/12.) 
In the past, three types of  scenarios have been proposed to attempt to solve the 
dark matter  problems in galaxy formation [7]. They are the hot, warm and cold 
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We predict the presence of a spectral feature in the isotropic cosmic gamma-ray background asso-
ciated with gravitino decays at high red shifts. With a gravitino abundance that falls in the relatively 
narrow range expected for thermally regenerated gravitinos following an inflationary epoch in the 
very early universe, gravitinos of mass several gigaelectronvolts are found to yield an appreciable 
f ux of 1-10-MeV diffuse gamma rays. 
PACS numbers: 98.70.Vc, ll.SO.Pb, 14.80.Pb, 95.30.Cq 
Decays of long-lived particles can have significant 
astrophysical implications. Decay products may pro-
duce far-ultraviolet background photons,^ and even 
yield a uniform cosmological density of dark matter.-^ 
There is one class of particle, common to most 
phenomenological supersymmetry theories, v^hose 
long-lived decay has a significant effect that appears to 
have been hitherto overlooked. We shall show belov^ 
that gravitino decays are likely to lead to an appreciable 
diffuse cosmic gamma-ray background. Decays of pri-
mordial gravitinos can also present a severe embarrass-
ment to cosmological models, via effects on primordial 
nucleosynthesis and microw^ave background distor-
tions.-^""^ One promising solution is that an epoch of 
inflation diluted the primordial gravitino abundance to 
an acceptable level.^ Gravitinos are regenerated dur-
ing the reheating process after inflation, and hence the 
reheating will be subject to the constraints from gravi-
tino decays. Remarkably in this case, we find that the 
predicted flux of diffuse cosmic gamma rays resulting 
from gravitino decays in the early universe is similar to 
the observed gamma-ray background for a wide range 
of gravitino masses, provided that the maximum tem-
perature to which the universe reheats after inflation 
lies in a acceptable range. 
Despite all the uncertainties regarding the model-
dependent particle spectrum in locally supersymmetric 
theories, there are at least two things which are com-
mon to all: (1) There is one stable supersymmetric 
(SUSY) particle and (2) one somewhat long-lived 
SUSY particle. By a long-lived SUSY particle (LSP), 
we mean one for which its decay rate is proportional to 
the gravitational constant Gj^^M~^. The gravitino is 
an example of such a SUSY particle and, depending on 
its mass, may indeed be very long lived. 
The identity of the LSP is of course the subject of 
debate. In a wide class of models, the LSP is either 
the photino^^'^^ or Higgs fermion (or mixed state of 
the two),^^ while other candidates are the scalar neutri-
rio^^ and the SUSY partner of the axion.^'* In this 
Letter, we will assume that the LSP is the photino. 
Provided that the gravitino is not the LSP, then it will 
be unstable to decay into lighter SUSY particles. For 
simplicity, we will take the photino to be the only 
SUSY particle lighter than the gravitino. Other models 
in which, for example, both photinos and gluinos are 
lighter than the gravitino will not drastically affect our 
ensuing discussion. The decay rate for grav-
itino—' photon + photino has been calculated^^'^ and 
can be expressed as F = ^Txamlj^lMp where the ' 'cou-
pling" a depends on the photino mass: 
a = ( 3 2 7 r ) ~ 4 l — (m~/m3/2)^]^. Hence a gravitino 
with mass m3/2 < 100 GeV will have a lifetime 
T > 4 x 10^ s. (The actual values of a differ in Refs. 6 
and 11. We have chosen the value of Ref. 6 and treat 
a as a parameter to cover for this uncertainty, in addi-
tion to uncertainties coming from higher-order correc-
tions.) 
Because of their late decays into photons, the abun-
dance of gravitinos (with respect to photons, for exam-
ple) becomes very important. Various limits from en-
tropy production,"* overall mass density of the decay 
products,^^'^^'^ distortions of the microwave back-
ground,^'^'^ and the destruction of primordial deuteri-
um place limits on the gravitino abundance Y which 
we define as F = nsij] riy where riy is the number den-
sity of photons today. The strongest of these limits 
implies that'^'^ F < 6 x 10"^7^3/2- In a standard 
(noninflationary) model, one would expect that initial-
ly (before decoupling) F = 1 and that through the an-
nihilation of all other particle species the abundance 
would be brought down to F ~ 1/A^^--10"^ today 
where Nj) is the total number of degrees of freedom at 
gravitino decoupling. This leads to a catastrophe if 
gravitinos are long lived, since the expansion of the 
universe becomes dominated by nonrelativistic parti-
2362 © 1985 The American Physical Society 
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Abstract
We consider the possibility that the gravitino might be the lightest supersymmetric particle (LSP) in the constrained minimal
extension of the Standard Model (CMSSM). In this case, the next-to-lightest supersymmetric particle (NSP) would be unstable,
with an abundance constrained by the concordance between the observed light-element abundances and those calculated on
the basis of the baryon-to-entropy ratio determined using CMB data. We modify and extend previous CMSSM relic neutralino
calculations to evaluate the NSP density, also in the case that the NSP is the lighter stau, and show that the constraint from late
NSP decays is respected only in a limited region of the CMSSM parameter space. In this region, gravitinos might constitute the
dark matter.
 2004 Elsevier B.V. All rights reserved.
1. Introduction
If R parity is conserved, the lightest supersymmetric particle (LSP) is stable, and a possible candidate for the
cold dark matter postulated by astrophysicists and cosmologists [1]. Most analyses of such supersymmetric dark
matter have assumed that the LSP is the partner of some combination of Standard Model particles, such as the
lightest neutralino χ , with an abundance calculated from the freeze-out of annihilation processes in a thermal
initial state. However, another generic possibility is that the LSP is the gravitino G˜ [2–7], whose relic abundance
would get contributions from the decays of the next-to-lightest supersymmetric particle (NSP) and possibly other
mechanisms.
As we discuss in more detail below, the lifetime of the NSP is typically such that it decays between big-bang
nucleosynthesis (BBN) and the ‘re-’combination process when the cosmic microwave background (CMB) was
released frommatter. Since NSP decays release entropy during this epoch, they are constrained by the concordance
of the observed light-element abundances with BBN calculations assuming the baryon-to-entropy ratio inferred
from CMB observations. For a typical lifetime τNSP = 108 s, the observed 6Li abundance implies [8]
(1)nNSP
nγ
< 5× 10−14
(100 GeV
mNSP
)
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SUSY and Higgs mass
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depend on the combination b1+ b3y2b . We thus introduce
one additional parameter
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t
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which reflects the alignment of the splitting in the left-
handed squark masses and hence parametrizes the frac-
tion of the splitting in the masses leading to flavor vi-
olation in the down sector. We assume ⇣ is real in the
following.1 We see that formally ⇣ = 1 + O(y2b ). If we
consider a splitting in the squark masses that is radia-
tively induced through RGE running, then considering
only the top Yukawa in the running leads to ⇣ = 1. Bot-
tom Yukawa e↵ects become important for large tan  and
can lead to 0 < ⇣ < 1. Typically we expect that yb is at
most as large as yt, however, which implies 1/2 < ⇣ < 1.
We note that an expansion analogous to (1) also ex-
ists for the trilinear couplings [85]. In particular, higher
order terms in the expansion can lead to flavor violating
trilinear terms. Such terms only lead to corrections of the
holomorphic Higgs couplings, however. These corrections
can induce flavor changing neutral Higgs couplings, that
are especially interesting beyond MFV, where the corre-
sponding e↵ects can be chirally enhanced [95, 96]. In the
MFV framework considered here, these e↵ects are less
important compared to contributions that are related to
the loop-induced non-holomorphic Higgs couplings. The
only relevant trilinear couplings for our analysis are those
for the third generation squarks, At and Ab, which we will
take to be independent parameters.
For simplicity, we will also assume universal soft
masses m2L and m
2
E , in the slepton sector. The phe-
nomenology of flavor non-universalities in the lepton sec-
tor will be reserved for future study. The only relevant
trilinear term in the slepton sector is the tau trilinear
coupling A⌧ , which, along with At and Ab and all other
parameters, we will take to be real.
B. Higgs Spectrum
The physical Higgs spectrum of the MSSM consists of
two neutral scalar bosons h and H, one neutral pseu-
doscalar A, and a pair of charged Higgs bosons H±. At
tree level, the full spectrum is determined by only two
real parameters: the mass of the pseudoscalar Higgs,
MA, and the ratio of the two vacuum expectation val-
ues, tan  = t  = vu/vd, with v2u+v
2
d = v
2 = 1742 GeV2.
In the so-called decoupling limit,M2A  M2W , the masses
of the Higgs bosons, A, H and H±, are
M2H 'M2A , M2H± 'M2A +M2W . (3)
1 Note that while b1 and b2 have to be real due to hermiticity of
the squark masses, b3 can in principle be complex. Indeed, as
shown in [93], a tiny phase for b3 is always generated during RGE
running.
In this limit, the mass of the lightest Higgs h is given at
tree level by
M2h 'M2Z cos 2  . (4)
As is well known, moderate or large values of tan  and
large 1-loop corrections are required to liftMh up to phe-
nomenologically viable values. Moreover, at large tan ,
the sbottom and stau 1-loop corrections can lowerMh by
a few GeV, which cannot be neglected given the current
Higgs mass precision data. The dominant stop, sbottom,
and stau loop contributions for large tan  read
 m2h '
3
4⇡2
m4t
v2
"
log
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µ4
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r
1
2
[M2A +M
2
Z  
q
(M2A +M
2
Z)
2   4M2AM2Z cos2  ] < MZ
(6)
tan  =
v2
v1
(7)
where Xt = At   µ/ tan  ⇡ At for large tan , and
mt˜, mb˜ and m⌧˜ are the average stop, sbottom, and stau
masses, respectively. The stop loop corrections, reported
in the first line of (5), are maximized for At '
p
6mt˜.
The contributions from the sbottom and stau loops, in
the second and third lines, always reduce the light Higgs
mass and can be particularly important for large tan ,
large values of the Higgsino mass parameter, µ, and light
sbottom or stau masses [97]. The ✏i factors come from
an all-order resummation of tan  enhanced corrections
to the Higgs–fermion couplings and are discussed in detail
in Sec. II C.
The couplings of the lightest Higgs to SM fermions
and gauge bosons are mainly controlled by tan  and the
angle ↵ that diagonalizes the mass matrix of the two
scalar Higgs bosons. If
↵ =     ⇡/2 , (8)
the couplings of h are exactly SM-like. At the tree level,
Eq. (8) holds up to corrections of order M2Z/(t M
2
A).
Correspondingly, for large tan  and moderately heavy
MA, the couplings of h are already SM-like to a good
approximation. At 1-loop, Eq. (8) gets corrected by an
additional term ⇠  7v2/M2A, where  7 is a loop-induced
quartic Higgs coupling that reads
 7 ' 3
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the loop-induced non-holomorphic Higgs couplings. The
only relevant trilinear couplings for our analysis are those
for the third generation squarks, At and Ab, which we will
take to be independent parameters.
For simplicity, we will also assume universal soft
masses m2L and m
2
E , in the slepton sector. The phe-
nomenology of flavo non-universalities in the lepton sec-
tor will be reserved for future study. The only relevant
trilinear term in the slepton sector is the tau trilinear
coupling A⌧ , which, along with At and Ab and all other
parameters, we will take to be real.
B. Higgs Spectrum
The physical Higgs spectrum of the MSSM consists of
two neutral scalar bosons h and H, one neutral pseu-
doscalar A, and a pair of charged Higgs bosons H±. At
tree level, the full spectrum is determined by only two
real parameters: the mass of the pseudoscalar Higgs,
MA, and the ratio of the two vacuum expectation val-
ues, tan  = t  = vu/vd, with v2u+v
2
d = v
2 = 1742 GeV2.
In the so-called decoupling limit,M2A  M2W , the masses
of the Higgs bosons, A, H and H±, are
M2H 'M2A , M2H± 'M2A +M2W . (3)
1 Note that while b1 and b2 have to be real due to hermiticity of
the squark masses, b3 can in principle be complex. Indeed, as
shown in [93], a tiny phase for b3 is always generated during RGE
running.
In this limit, the mass of the lightest Higgs h is given at
tree level by
M2h 'M2Z cos 2  . (4)
As is well known, moderate or large values of tan  and
large 1-loop corrections are required to liftMh up to phe-
nomenologically viable values. Moreover, at large tan ,
the sbottom and stau 1-loop corrections can lowerMh by
a few GeV, which cannot be neglected given the current
Higgs mass precision data. The dominant stop, sbottom,
and stau loop contributions for large tan  read
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in the first line of (5), are maximized f r At '
p
6mt˜.
The contributions from the sbottom and stau loops, in
the second and third lines, always reduce the light Higgs
mass and can be particularly important for large tan ,
large values of the Higgsino mass parameter, µ, and light
sbottom or stau masses [97]. The ✏i factors come from
an all-order resummation of tan  enhanced corrections
to the Higgs–fermion couplings and are discussed in detail
in Sec. II C.
The couplings of the lightest Higgs to SM fermions
and gauge bosons are mainly controlled by tan  and the
angle ↵ that diagonalizes the mass matrix of the two
scalar Higgs bosons. If
↵ =     ⇡/2 , (8)
the couplings of h are exactly SM-like. At the tree level,
Eq. (8) holds up to corrections of order M2Z/(t M
2
A).
Correspondingly, for large tan  and moderately heavy
MA, the couplings of h are already SM-like to a good
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Figure 27.2: CMB temperature anisotropy band-power estimates from the Planck,
WMAP, ACT, and SPT experiments. Note that the widths of the ℓ-bands vary
between experiments and have not been plotted. This figure represents only a
selection of the most recent available experimental results, and some points with
large error bars have been omitted. At the higher multipoles these band-powers
involve subtraction of particular foreground models, while proper analysis requires
simultaneous fitting of CMB and foregrounds over multiple frequencies. The x-axis
here is logarithmic for the lowest multipoles, to show the Sachs-Wolfe plateau, and
linear for the other multipoles. The acoustic peaks and damping region are very
clearly observed, with no need for a theoretical curve to guide the eye; however, the
curve plotted is the best-fit Planck model.
27.7. CMB Polarization
Since Thomson scattering of an anisotropic radiation field also generates linear
polarization, the CMB is predicted to be polarized at the level of roughly 5% of
the temperature anisotropies [54] . Polarization is a spin-2 field on the sky, and the
algebra of the modes in ℓ-space is strongly analogous to spin-orbit coupling in quantum
mechanics [55]. The linear polarization pattern can be decomposed in a number of ways,
with two quantities required for each pixel in a map, often given as the Q and U Stokes
parameters. However, the most intuitive and physical decomposition is a geometrical one,
splitting the polarization pattern into a part that comes from a divergence (often referred
to as the ‘E-mode’) and a part with a curl (called the ‘B-mode’) [56]. More explicitly,
the modes are defined in terms of second derivatives of the polarization amplitude, with
the Hessian for the E-modes having principle axes in the same sense as the polarization,
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Figure 21.1: Confidence level contours of 68.3%, 95.4% and 99.7% in the ΩΛ–Ωm
plane from the Cosmic Microwave Background, Baryonic Acoustic Oscillations and
the Union SNe Ia set, as well as their combination (assuming w = −1). [Courtesy
of Kowalski et al. [22]]
Ωm + ΩΛ ≈ 1), the best-fit values are Ωm ≈ 0.3 and ΩΛ ≈ 0.7. Most results in the
literature are consistent with Einstein’s w = −1 cosmological constant case.
For example, Kowalski et al. [22] deduced from SNe Ia combined with CMB and
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FromCMB anisotropy the total matter-energy density is Ω0 = 1.0±0.1
From various measurements ΩM = 0.35±0.1 . Hence the cosmological
constant contribution is
ΩΛ = 0.8± 0.2
The baryonic density is ΩB = 0.045 ± 0.001 , subtracted from the total
matter density gives the Dark Matter density
ΩDM ≃ 0.3± 0.1
The Hubble parameter is estimated with fairly good accuracy
h0 = 0.65± 0.05 =⇒
ΩDM h0
2 ≃ 0.13± 0.05
V.C. Spanos, Univ. of Minnesota VCMSSM 26
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1 Introduction
Since supersymmetry relates the Higgs self-coupling to electroweak gauge couplings, it is a
characteristic prediction of the minimal supersymmetric extension of the Standard Model
(MSSM) that the lightest neutral Higgs boson h should be relatively light. This prediction
is in agreement with the indirect indications from precision electroweak data, which favour
mh ∼ 100 GeV [1]. Indeed, at the tree level mh would be < mZ , but radiative corrections
due principally to the top squarks may increase mh to ∼ 130 GeV within the MSSM [2].
The latest LHC searches for a Standard Model-like Higgs boson exclude the mass range
mh ∈ (127, 600) GeV at the 95% CL, but leave open the range mh ∈ (1 5.5, 127) GeV,
which is consistent with the MSSM prediction [3]. Moreover, within this range ATLAS sees
an excess of events with mh ∼ 126 GeV [4], and CMS sees a broader excess extending over
the range mh ∈ (119, 125) GeV [5]. The observations of these excesses are more significant
within the MSSM than in the general Standard Model context, since the look-elsewhere eﬀect
is diminished for the restricted Higgs mass range predicted previously within the MSSM.
Identifying the lightest neutralino χ as the dominant component of dark matter provides
an important constraint on the MSSM parameter space [6] that can be quantified within
any specific framework for supersymmetry breaking. Here we assume the CMSSM [7–13],
in which the soft supersymmetry-breaking parameters m1/2, m0 and A0 are constrained to
be universal at the GUT scale. In the CMSSM, there are narrow strips of parameter space
where the relic χ density falls within the narrow range indicated by WMAP and other
astrophysical and cosmological measurements [14], which we take to be Ωχh2 = 0.112± 0.12
corresponding to a conservative 2 − σ ra ge. Thes strips include one where coann hilation
between χ, the lighter stau τ˜1 and other sleptons brings the cold dark matter density into
the WMAP range [15], which at large tan β extends into a funnel where annihilations via
direct-channel H/A resonances are dominant [7,9], and a focus-point strip at large m0 where
annihilation is enhanced by a significant Higgsino component in the composition of χ [16].
When A0 is large, there may also be a strip where χ coannihilation with the lighter stop t˜1
is important [17].
These strips are useful for benchmarking searches for supersymmetry at colliders [18] and
searches for astrophysical dark matter [19], e.g., via direct searches for elastic scattering [20]
or via searches for energetic neutrinos produced by dark matter annihilations in the core of
the Sun or Earth [21], or via searches for energetic photons from dark matter annihilations
near the centre of the Galaxy [22] or elsewhere. It is therefore important that the benchmark
strips should be updated to take the latest accelerator and other constraints into account [23].
1
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Figure 4. Differential fluxes for the 15  ⇥ 15  region about the GC for the four IEMs constrained as described in Section 3.1. Upper row shows the results for
the intensity-scaled IEMs based on the Pulsars (left) and OBstars (right) source distributions. Lower row shows the results for the index-scaled IEMs based on
the Pulsars (left) and OBstars (right) source distributions. Line styles: solid (total model), long-dash (IC, annulus 1), dot-dash (H I and CO gas ⇡0-decay, annulus
1), dot-dot-dot-dash (point sources), dash (Galactic interstellar emission excluding annulus 1 for IC, H I and CO gas ⇡0-decay). Solid circles: data.
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Fermi-LAT 
6FIG. 1. Constraints on the DM annihilation cross section at 95% CL for the bb¯ (left) and ⌧+⌧  (right) channels derived from
a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by repeating the same analysis on 300
randomly selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected
sensitivity while the bands represent the 68% and 95% quantiles. For each set of random locations, nominal J-factors are
randomized in accord with their measurement uncertainties. The solid blue curve shows the limits derived from a previous
analysis of four years of Pass 7 Reprocessed data and the same sample of 15 dSphs [13]. The dashed gray curve in this and
subsequent figures corresponds to the thermal relic cross section from Steigman et al. [5].
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FIG. 2. Comparison of constraints on the DM annihilation cross section for the bb¯ (left) and ⌧+⌧  (right) channels from this
work with previously published constraints from LAT analysis of the Milky Way halo (3  limit) [33], 112 hours of observations
of the Galactic Center with H.E.S.S. [34], and 157.9 hours of observations of Segue 1 with MAGIC [35]. Closed contours and
the marker with error bars show the best-fit cross section and mass from several interpretations of the Galactic center excess
[16–19].
DM distribution can significantly enlarge the best-fit re-
gions of h vi, channel, and mDM [36].
In conclusion, we present a combined analysis of 15
Milky Way dSphs using a new and improved LAT data
set processed with the Pass 8 event-level analysis. We ex-
clude the thermal relic annihilation cross section (⇠ 2.2⇥
10 26 cm3 s 1) for WIMPs with mDM <⇠ 100GeV annihi-
lating through the quark and ⌧ -lepton channels. Our
results also constrain DM particles with mDM above
100GeV surpassing the best limits from Imaging Atmo-
spheric Cherenkov Telescopes for masses up to 1 TeV.
These constraints include the statistical uncertainty on
the DM content of the dSphs. The future sensitivity to
DM annihilation in dSphs will benefit from additional
LAT data taking and the discovery of new dSphs with
upcoming optical surveys such as the Dark Energy Sur-
vey [37] and the Large Synoptic Survey Telescope [38].
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Important constraints from BBN data
Notice that this integration begins at Treh, consistent with the assumption that inflaton
decay and thermalization are instantaneous and simultaneous at Treh, and runs to lower
T . Assuming a vanishing abundance at Treh, and disregarding the weak dependence on
temperature of the integrand in the r.h.s., integration from Treh to T ≪ Treh yields
Y3/2(T ) ≃
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×
g(T )
g(Treh)
. (13)
Hence the final abundance of gravitinos is given by the ratio of the production rate (⟨σtotvrel⟩nrad)
to the Hubble rate at reheating, diluted by subsequent particle annihilations and accounting
for the ratio of numbers of degrees of freedom at T to that at Treh.
During the radiation-dominated era, the cosmic time and temperature are related by
t =
√
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MP
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When the temperature of the Universe drops to T ≪ (Γ3/2/Γφ)1/3Treh, where Γφ is the infla-
ton decay rate, the decay term in the Boltzmann equation (3) dominates over the scattering
term. In this case, gravitinos have redshifted their momenta away, which implies that (3)
may be rewritten as
Y˙3/2 = −Γ3/2Y3/2 . (15)
Under the assumption that m3/2 ≪ 1013 GeV×(Treh/1010GeV), the approximation (13) may
be taken as an initial condition for (15). Denoting greh = g(Treh), the gauge contribution to
the gravitino abundance can finally be written as
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when we use greh = 915/4 and g(T ≪ 1MeV) = 3.91. Fig. 1 compares the approximate
result (17) and the yield obtained from integrating (10) numerically with the full one-loop
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when we use greh = 915/4 and g(T ≪ 1MeV) = 3.91. Fig. 1 compares the approximate
result (17) and the yield obtained from integrating (10) numerically with the full one-loop
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Notice that this integration begins at Treh, consistent with the assumption that inflaton
decay and thermalization are instantaneous and simultaneous at Treh, and runs to lower
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Figure 2: Some Feynman diagrams that contribute to the imaginary part of the gravitino prop-
agator. Thick lines denote resummed thermal propagators for the gluon g and gluino λ. We
do not plot diagrams involving quarks q and squarks q˜, but they are of course included in our
computation.
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Figure 3: Two-loop Feynman diagrams that appear in the expansion of diagram D, that resums
all higher loop diagrams with iterated one-loop corrections to gluon and gluino propagators.
gluons, gluinos, quarks, squarks. The perturbative expansion of this diagram D contains the
two-loop diagrams in fig. 3: their imaginary parts correspond to well-defined combinations of
scattering processes, as dictated by cutting rules. This fixes how scatterings must be subtracted
in order to avoid overcountings of eﬀects already described by thermal masses via diagram D.
In section 2 we compute the subtracted scattering rates, in section 4 we compute the gravitino
production rate via ‘decay’, and in section 5 we add the rate due to the top quark Yukawa
coupling.
In section 6 we sum these eﬀects and compute the gravitino abundance writing a set of
Boltzmann equations that describe the reheating process, previously approximated assuming a
maximal temperature equal to the reheating temperature TRH. Our results are summarized in
the conclusions, section 7.
In the passing we address some issues related to finite-temperature and to supersymmetry.
In section 3 we list explicit values for thermal masses for all particles and sparticles, noticing
that they obey some supersymmetric relation. Appendix A gives a (non uselessly) fully precise
summary of gravitino interactions, and in appendices B, C we collect full expressions for the
thermal corrections to vector and fermion propagators.
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where the thermal gravitino abundance
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suming unified gaugino masses withm1/2 =
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lowed by present data) or m1/2 = 1TeV
at the unification scale, and negligible At.
Model-dependent issues are here ignored,
including who is the LSP and the NLSP.
Successful thermal leptogenesis with zero
initial right-handed neutrino abundance is
not possible within the gray band [24, 19].
We recall that we computed thermal production of gravitinos from MSSM particles at tempera-
tures TRH ≫ m3/2, msoft. The true physics might be diﬀerent. For example, the messenger fields
with mass MGM employed by gauge mediation models might be so light that they get thermal-
ized (together with the hidden sector) and later decay back to MSSM particles, leaving a ther-
malized Goldstino. Eq. (6.3) shows that this phenomenon is dominant ifMGM<∼ (10÷100)TRH,
as the gravitino abundance gets washed-out as Y ∝ T 5 during reheating at T >∼TRH.
7 Conclusions
Previous computations of the thermal gravitino production rate [2, 3] were performed at lead-
ing order in small gauge couplings, finding a rate of the form γ ∝ g2 ln 1/g, which behaves
unphysically when extrapolated to the true MSSM values of the gauge couplings, g ∼ 1 (see
fig. 1). We improved on these results in the following ways:
1. We included gravitino production via gluon→ gluino + gravitino and other decays: these
eﬀects first arise at higher order in g (the phase space is opened by thermal masses), but
are enhanced with respect to scattering processes by a phase-space π2 factor, typical of
3-body vs 4-body rates. The gravitino production rate becomes about twice larger, or
more if M3>∼M1,2 ≫ m3/2.
2. We added production processes induced by the top quark Yukawa coupling. This enhances
the gravitino production rate by almost 10% or more if At is bigger than gaugino masses.
3. Finally, we computed the gravitino abundance replacing the instant reheating approxima-
tion with the standard definition of the reheating process, where TRH is not the maximal
temperature but defines the temperature at which inflaton decay ends, ceasing to re-
lease entropy. This improvement decreases the gravitino abundance by 25% and allows a
precise comparison with leptogenesis [24], where reheating was included in [19].
Our result for the gravitino production rate is
γ = γD + γ
sub
S + γtop. (7.1)
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Gravitino thermal abundance 
Rychkov, Strumia
 4He observed in extragalactic HII regions: 
       abundance by mass ~ 25%
7Li  observed in the atmosphere of dwarf halo stars:
      abundance by number ~ 10-10
D in quasars absorption systems (and locally):
     abundance by number ~ 3 x10-5
3He observed in solar wind, meteorites,  and in ISM:
     abundance by number ~ 10-5
Big Bang Nucleosynthesis  
Light Elements observed abundances: 
The Reaction Network
• 11 reaction rates
• no stable A = 5, 8
• 2 branches for 7Li
production
12.1. HYDROGEN AND HELIUM 93
The production of light elements then has to go through a complex reaction chain, with
nuclear fusion forming nuclei and the high-energy tail of the photon distribution breaking
them up again (just as at the formation of the microwave background). The sort of reactions
which are important (but far from a complete set) are
p + n -> £>; (12.6)
D + p -> 3He; (12.7)
D + D -)• 4He, (12.8)
where 'D' stands for a deuterium nucleus and 'He' a helium one. The destruction processes
happen in the opposite direction; they become less and less important as the Universe cools
and eventually the build-up of nuclei can properly proceed. It turns out that this happens
at an energy of about 0.1 MeV. I won't attempt a derivation of that number, though I note
that it can be estimated by a similar 'high-energy tail' argument to that of Chapter 10, this
time applied to the deuterium binding energy of 2.2 MeV. Once the neutrons manage to
form nuclei, they become stable.
The delay until 0.1 MeV before nuclei such as helium-4 appear is long enough that the
decay of neutrons into protons is not completely negligible, though most of the neutrons
do survive. To figure out how many neutrons decay, we need to know how old the Universe
is at a temperature kBT ~ 0.1 MeV. We found this in the last chapter, equation (11.11);
the age is tnuc — 400 s, surprisingly close to the neutron half-life of thalf = 614 s. The
neutron decays reduce the neutron number density by exp(— In 2 x £nuc thalf ) giving
Nn 1 ( 400s x m2\ 1 ia^-j- ~ - x exp -- -- - ) ~ - . (12.9)Np 5 \ 614s / 8
One could take into account that the neutron decays are increasing the number of protons
too, but that's a small correction. It is quite a bizarre coincidence that the neutron half-life
is so comparable to the time it takes the nuclei to form; if it had been much shorter all
neutrons would decay and only hydrogen could form.
In the early Universe, the only elements produced in any significant abundance are
hydrogen and helium-4. The latter is produced because it is the most stable light nucleus,
and the former because there aren't enough neutrons around for all the protons to bind
with and so some protons are left over. We can therefore get an estimate of their rela-
tive abundance, normally quoted as the fraction of the mass (not number density) of the
Universe which is in helium-4. Since every helium nucleus contains 2 neutrons (and hy-
drogen contains none), all neutrons end up in helium and the number density of helium-4
is Wiie -4 = Nn/2. Each helium nucleus weighs about four proton masses, so the fraction
of the total mass in helium-4, known as ¥4, is
2N 1
So this simple treatment tells us that about 22% of the matter in the Universe is in the form
of helium-4. Note that this is the mass fraction; since helium-4 weighs four times as much
as hydrogen, it means there is one helium-4 nucleus for every 14 hydrogen ones.
Nucleosynthesis Delayed
(Deuterium Bottleneck)
p + n→D+γ Γp ∼ nBσ
p + n←D+γ Γd ∼ nγσe−EB/T
Nucleosynthesis begins when Γp ∼ Γd
nγ
nB
e−EB/T ∼ 1 @ T ∼ 0.1 MeV
All neutrons → 4He
with mass fraction
Yp =
2(n/p)
1 + (n/p)
≃ 25%
Remainder:
D, 3He ∼ 10−5 and 7Li ∼ 10−10 by number
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Figure 3. Evolution of the abundances of primordially synthesized light elements with
temperature according to the Wagoner (1973) numerical code as upgraded by Kawano
(1992). The dashed lines show the values in nuclear statistical equilibrium while the
dotted lines are the ‘freeze-out’ values as calculated analytically by Esmailzadeh et al
(1991).
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Gravitino Interactions with the MSSM
GDM
Calculate the partial and the total decay widths 
Employ PYTHIA event generator to simulate the EM and HD 
products of Z, Higgs bosons, quarks and taus   
Incorporate in  the BBN code the effects of the EM and HD 
injections 
Estimate for each point of the SUSY parameter space  the light 
element abundances
Important point: Bound state phenomena of charged 
metastable particles like stau!
Steps 
NSP decays
NSP χ→ G˜ γ
χ→ G˜ Z
χ→ G˜Hi
V.C. Spanos, Univ. of Minnesota VCMSSM 39
χ γ
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Figure 1: Hadronic 3-body decays for the gravitino LSP and χ NSP case.
boson, the next most important channel is χ→ G˜ Z, which is also the dominant channel for
producing HD injections in this case. The Higgs boson channels are smaller by a few orders
of magnitude, and those to heavy Higgs bosons (H,A) in particular become kinematically
accessible only for heavy χ in the large-m1/2 region. Turning to the three-body channels, the
decay through the virtual photon to a qq pair can become comparable to the subdominant
channel χ→ G˜ Z, injecting nucleons even in the kinematical region mχ < m3/2+MZ , where
direct on-shell Z-boson production is not possible 1. Finally, we note that the three-body
decays to W+W− pairs and a gravitino are usually at least five orders of magnitude smaller.
Having calculated the partial decay widths and branching ratios, we employ the PYTHIA
event generator [28] to model both the EM and the HD decays of the direct products of the
χ decays. We first generate a suﬃcient number of spectra for the secondary decays of the
gauge and Higgs bosons and the quark pairs. Then, we perform fits to obtain the relation
between the energy of the decaying particle and the quantity that characterizes the hadronic
spectrum, namely dNh/dEh, the number of produced nucleons as a function of the nucleon
energy. These spectra and the fraction of the energy of the decaying particle that is injected
as EM energy are then used to calculate the light-element abundances.
An analogous procedure is followed for the τ˜ NSP case. As the lighter stau is predomi-
nantly right-handed, its interactions with W bosons are very weak (suppressed by powers of
mτ ) and can be ignored. The decay rate for the dominant two-body decay channel, namely
τ˜ → G˜ τ , has been given in [19]. However, this decay channel does not yield any nucle-
ons. Therefore, one must calculate some three-body decays of the τ˜ to obtain any protons
or neutrons. The most relevant channels are τ˜ → G˜ τ ∗ → G˜ Z τ , τ˜ → Z τ˜ ∗ → G˜ Z τ ,
1In principle, one should also include qq pair production through the virtual Z-boson channel χ→ G˜ Z∗ →
G˜ qq [6] and the corresponding interference term. However, this process is suppressed by a factor of M4
Z
with respect to χ → G˜ γ∗ → G˜ qq, and the interference term is also suppressed by M2
Z
. Numerically, these
contributions are unimportant, and therefore we drop these amplitudes in our calculation.
9
χ→ G˜ γ
χ→ G˜ Z
χ→ G˜Hi
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Figure 2: Hadronic 3-body decays for the τ˜ NSP case.
τ˜ → τχ∗ → G˜ Z τ and τ˜ → G˜ Z τ [18] and they are presented in Fig. 2. We calculate these
partial widths, and then use PYTHIA to obtain the hadronic spectra and the EM energy
injected by the secondary Z-boson and τ -lepton decays. As in the case of the χ NSP, this
information is then used for the BBN calculation.
We stress that this procedure is repeated separately for each point in the supersymmetric
parameter space sampled. That is, given a set of parameters m0, m1/2, A0, tanβ, sgn(µ), and
m3/2, once the sparticle spectrum is determined, all of the relevant branching fractions are
computed, and the hadronic spectra and the injected EM energy determined case by case.
For this reason, we do not use a global parameter such as the hadronic branching fraction,
Bh, often used in the literature. In our analysis, Bh is computed and diﬀers at each point in
the parameter space.
5 Results
5.1 Analytic Discussion
Outline basic qualitative eﬀects: hadronic decays of X aﬀect BBN in diﬀerent ways depend-
ing on the stage of BBN in which the nonthermal decay particles interact with the background
thermal nuclei. This eﬀectively divides the decay eﬀects according to the decaying particle’s
lifetime τX .
10
H. Eberl, VCS 
All possible three-body decays of 
neutralino1 into gravitino
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Bound-state catalysis  
thermonuclear rates, but with a Gamow penetration factor appropriate for a nucleus of
eﬀective charge Zeﬀ
(iX) = Zi − 1.
In many cases, bound states also enhance nuclear channels through catalysis eﬀects,
which may be described as follows [23]. Consider the important example of catalyzed 6Li
formation,
(4HeX−) + d→ 6Li +X− . (13)
The corresponding ordinary process is the 4He + d → 6Li + γ radiative capture reaction,
which is suppressed because it must proceed through the E2 mode. The bound-state rate
does not require the emission of a photon and is substantially larger than the ordinary rate
in the typical situation in which the (4HeX−) abundance is large.
We have included rates for the formation and processing of (8BeX−) which, as we will see,
can lead to substantial 9Be production under optimistic nuclear physics assumptions. We
also have included rates for 10B and 11B production via rates involving (αX−). We find that
boron production is indeed increased over the (very small) standard BBN level. However,
the B/H abundance always remains many orders of magnitude below the levels seen in halo
stars. Thus we find that boron is not a promising signature of decaying particle eﬀects.
We have also studied whether reionization by the emitted XLyα photons could inhibit
the net rates for the NLSP recombination reactions A+X− → (AX−) + γ, as is the case in
ordinary hydrogen recombination. As discussed in Appendix A, we find that, whereas the
optical depth for reionization by XLyα photons emitted by NLSP recombination is much
smaller than that for ordinary hydrogen and helium recombination, it is still very large, so
that the net rate of recombination might be very suppressed. However, as we also show in
Appendix A,XLyα photons Compton scatter rapidly oﬀ free electrons. This rapidly degrades
the energies oﬀ resonance, so that they are ineﬀective for reionization. We conclude that
NLSP recombination to the ground state proceeds unimpeded, unlike the case of ordinary
hydrogen and helium recombination.
4 Bound-State Chemical Eﬀects
We present later results from a code that treats self-consistently the bound states as separate
nuclei, which then can have their own set of bound-state chemical and nuclear reactions with
other species. As a warm-up exercise, we first present some results with catalysis eﬀects
turned oﬀ, and so only incorporate bound-state chemistry, i.e., recombination onto bound
states. We include decays as part of the chemistry, i.e., decays remove free and bound X−,
but we turn oﬀ nonthermal decay eﬀects. This exercise tests our code and illustrates the
interplay between recombination and charge transfer.
For this purpose, we choose an initial X− abundance Y initX−,tot = 10
−2, which is typical for
interesting supersymmetric models, and we vary the lifetime τX , to show the sensitivity to
this parameter.
In Figs. 2 - 4, we show the abundances Yi ≡ ni/nB for both bound and free species,
as functions of the temperature T . The solid black line corresponds to the abundance of
free X−’s, whereas the other solid lines are the abundances of the bound states, as labeled
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Figure 3: As in Fig. 2, but with an assumed lifetime τX = 106 s.
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where the lighter stau is the NLSP, the contours of constant NLSP lifetime curve, track the
relationship between m1/2 and mτ˜1 . The lifetime contours in the right panel of Fig. 5, for
m3/2 = 0.1m0, are everywhere sloping up from left to right.
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Figure 5: The NLSP lifetime τNLSP in the (m1/2, m0) plane for A0 = 2.5m0, tanβ = 10
and m3/2 = 100 GeV (left) and m3/2 = 0.1m0 (right).
Fig. 6 displays the corresponding contours of τNLSP for the cases tan β = 40, A0 = 2m0
and m3/2 = 100 GeV (left) and m3/2 = 0.1m0 (right). These exhibit similar features to the
previous case, except that the stau NLSP region is now larger, as a result of the larger value
of tanβ, and now we see a diﬀerence in the behaviours of the lifetime contours in the stau
and neutralino NLSP regions. The vertical band at small m1/2 where the gravitino is not
the LSP is now fully visible. In this case, there is a triangular region at small m1/2 and large
m0 where the gravitino is no longer the LSP.
Finally, Fig. 7 displays the corresponding contours of τNLSP for the cases tan β = 40,
A0 = 2.5m0 and m3/2 = 100 GeV (left) and m3/2 = 0.1m0 (right). This is qualitatively
similar to Fig. 6, though we note that the stau NLSP region has expanded again, this time
as a result of the larger value of A0. Note also that the triangular region where the stop is
light (or tachyonic) has reappeared at the larger value of A0.
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where the lighter stau is the NLSP, the contours of constant NLSP lifetime curve, track the
relationship between m1/2 and mτ˜1 . The lifetime contours in the right panel of Fig. 5, for
m3/2 = 0.1m0, are everywhere sloping up from left to right.
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Figure 5: The NLSP lifetime τNLSP in the (m1/2, m0) plane for A0 = 2.5m0, tanβ = 10
and m3/2 = 100 GeV (left) and m3/2 = 0.1m0 (right).
Fig. 6 displays the corresponding contours of τNLSP for the cases tan β = 40, A0 = 2m0
and m3/2 = 100 GeV (left) and m3/2 = 0.1m0 (right). These exhibit similar features to the
previous case, except that the stau NLSP region is now larger, as a result of the larger value
of tanβ, and now we see a diﬀerence in the behaviours of the lifetime contours in the stau
and neutralino NLSP regions. The vertical band at small m1/2 where the gravitino is not
the LSP is now fully visible. In this case, there is a triangular region at small m1/2 and large
m0 where the gravitino is no longer the LSP.
Finally, Fig. 7 displays the corresponding contours of τNLSP for the cases tan β = 40,
A0 = 2.5m0 and m3/2 = 100 GeV (left) and m3/2 = 0.1m0 (right). This is qualitatively
similar to Fig. 6, though we note that the stau NLSP region has expanded again, this time
as a result of the larger value of A0. Note also that the triangular region where the stop is
light (or tachyonic) has reappeared at the larger value of A0.
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Figure 6: The NLSP lifetime in the (m1/2, m0) plane for A0 = 2m0, tanβ = 40 and
m3/2 = 100 GeV (left) and m3/2 = 0.1m0 (right).
7 Light-Element Constraints in the CMSSM with a
Metastable Stau NLSP
We display in Fig. 8 the light-element abundances we calculate in the (m1/2, m0) plane for
the first example introduced above, namely A0 = 2.5m0, tan β = 10 and m3/2 = 100 GeV.
In this and subsequent figures, the stau is the NLSP in a wedge of each plane at low m0
and large m1/2. (The outline of this wedge can be seen in each of the preceding lifetime
plots by connecting the points where the lifetime vs. m1/2 changes from a curve to a straight
line.) In most of the planes at larger m0 the lightest neutralino is the NLSP. However,
when A0 = 2.5m0, there are also wedges at large m0 and small m1/2, shaded grey, in which
the NLSP is the lighter stop squark. Indeed for very low m1/2, the stop mass squared is
negative and hence for parameter choices inside this grey wedge the sparticle spectrum is
not physical. There is only a very narrow strip along the wedge where the stop is actually
the NLSP. We do not consider this case in the present work (see however [101]), discussing
only the neutralino and stau NLSP cases.
7.1 Summary of Light-Element Abundance Constraints
As in subsequent similar figures, the upper left panel of Fig. 8 displays the D/H ratio,
the upper middle panel displays the 3He/D ratio, the upper right panel displays the 4He
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Metastable Stau NLSP
We display in Fig. 8 the light-element abundances we calculate in the (m1/2, m0) plane for
the first example introduced above, namely A0 = 2.5m0, tan β = 1 and m3/2 = 100 GeV.
In this and subsequent figures, the stau is the NLSP in a wedge of each plane at low m0
and large m1/2. (The outline of this wedge can be seen in each of the preceding lifetime
plots by connecting the points where the lifetime vs. m1/2 changes from curve to a straight
line.) In most of the planes at larger m0 the lightest neutralino is the NLSP. However,
when A0 = 2.5m0, there are also wedges at large m0 and small m1/2, shaded grey, in which
the NLSP is the lighter stop squark. Indeed for very low m1/2, the stop mass squared is
negative and hence for parameter choices inside this grey wedge the sparticle spectrum is
not physical. There is only a very narrow strip along the wedge where the stop is actually
the NLSP. We do not consider this case in the present work (see however [101]), iscussing
only the neutralino and stau NLSP cases.
7.1 Summary of Light-Element Abundance Constraints
As in subsequent similar figures, the upper left panel of Fig. 8 displays the D/H ratio,
the upper middle panel displays the 3He/D ratio, the upper right panel displays the 4He
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Figure 7: The NLSP lifetime in the (m1/2, m0) plane for A0 = 2.5m0, tan β = 40 and
m3/2 = 100 GeV (left) and m3/2 = 0.1m0 (right).
abundance, the lower left panel the 6Li/7Li ratio, the lower middle panel the 7Li/H ratio,
and the lower right panel the 9Be/H ratio. As a general rule, we consider the regions left
unshaded to be compatible with observation, whereas the yellow regions are problematic,
and the red and magenta regions are progressively more strongly excluded. Solid shadings
are used for regions with excess abundances, and hashed shadings for regions with low
abundances. The criteria adopted for the light-element abundances are similar to those used
in our previous work, and are summarized in Table 4 3.
D/H
We assume the mean value given in [102](
D
H
)
p
= (3.0± 0.7)× 10−5 , (14)
corresponding to the deuterium abundance measured in 10 quasar absorption systems [103],
and the quoted uncertainty is given by the sample variance in the data. This is considerably
larger than the error in the mean, which is only 0.2. Therefore, we consider any value outside
the range (2.3−3.7)×10−5 as problematic, as indicated in Table 4, which also includes ranges
that we consider to be (strongly) excluded.
3The values corresponding to ‘strong exclusion’ are somewhat arbitrary, but serve to indicate how rapidly
the abundances are varying in relevant regions of parameter space.
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where the lighter stau is the NLSP, the contours of constant NLSP lifetime curve, track the
relationship between m1/2 and mτ˜1 . The lifetime contours in the right panel of Fig. 5, for
m3/2 = 0.1m0, are everywhere sloping up from left to right.
1 2 3 4 5
m1/2 [TeV]
0.5
1.0
1.5
2.0
m
0 
[T
eV
]
tanβ=10 m3/2= 100 GeV
10
310
4
10
4
10
5
10
7
10
7
10
8
10
8
10
9
10
9
1 2 3 4 5
m1/2 [TeV]
0.5
1.0
1.5
2.0
m
0 
[T
eV
]
tanβ=10 m3/2=0.1m0
10
3
10
3
10
4
10
4
10
5
10
5
10
6
10
6
10
7
10
7
10
8
10
8
10
9
Figure 5: The NLSP lifetime τNLSP in the (m1/2, m0) plane for A0 = 2.5m0, tanβ = 10
and m3/2 = 100 GeV (left) and m3/2 = 0.1m0 (right).
Fig. 6 displays the corresponding contours of τNLSP for the cases tan β = 40, A0 = 2m0
and m3/2 = 100 GeV (left) and m3/2 = 0.1m0 (right). These exhibit similar features to the
previous case, except that the stau NLSP region is now larger, as a result of the larger value
of tanβ, and now we see a diﬀerence in the behaviours of the lifetime contours in the stau
and neutralino NLSP regions. The vertical band at small m1/2 where the gravitino is not
the LSP is now fully visible. In this case, there is a triangular region at small m1/2 and large
m0 where the gravitino is no longer the LSP.
Finally, Fig. 7 displays the corresponding contours of τNLSP for the cases tan β = 40,
A0 = 2.5m0 and m3/2 = 100 GeV (left) and m3/2 = 0.1m0 (right). This is qualitatively
similar to Fig. 6, though we note that the stau NLSP region has expanded again, this time
as a result of the larger value of A0. Note also that the triangular region where the stop is
light (or tachyonic) has reappeared at the larger value of A0.
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Figure 8: Light-element abundances in the (m1/2, m0) plane for A0 = 2.5m0, tan β = 10
and m3/2 = 100 GeV.
3He/D
Whilst it is diﬃcult to use 3He to constrain BBN, it is possible to use the ratio 3He/D [104].
Although 3He may be created or destroyed in stars, D is always destroyed in the pre-main
sequence of stellar evolution and, as a result, the ratio 3He/D is a monotonically increasing
function of time. Thus one can use the solar ratio of about 1 [105] to constrain the BBN
ratio. Because 3He can be produced and/or D can be destroyed, we do not assume a lower
bound to the ratio.
4He
Although the determination of the 4He abundance in extragalactic HII regions is dominated
by systematic uncertainties [106], using the Markov Chain-Monte Carlo methods described
in [107] and data compiled in [108], one finds [109]
Yp = 0.2534± 0.0083 (15)
19
Cyburt, Ellis, Fields, Luo, Olive, VCS 
Gravitino DM parameter space 
Cyburt, Ellis, Fields, Luo, Olive, VCS 
GDM/ results
1 2 3 4 5
m1/2 [TeV]
0.5
1.0
1.5
2.0
m
0 
[T
eV
]
tanβ=10 m3/2= 100 GeV
-0
.1
23
A 0 = 2.5 0m
1 2 3 4 5
m1/2 [TeV]
0.5
1.0
1.5
2.0
m
0 
[T
eV
]
tanβ=10 m3/2=0.1m0
-0.123
A 0 = 2.5 0m
Figure 10: Summary of the light-element-abundance constraints in the (m1/2, m0) plane for
A0 = 2.5m0, tanβ = 10 and m3/2 = 100 GeV (left) and m3/2 = 0.1m0 (right).
mass of 500 GeV, one must consider larger m1/2 >∼ 1 TeV to ensure a gravitino LSP. For
a given gaugino mass, the NLSP lifetime is longer. As a result, the acceptable arc of D/H
moves to larger m1/2. More importantly, the 6Li constraint would now exclude all values of
m1/2 between 1 and 5 TeV. The 9Be constraint similarly would exclude the entire stau NLSP
region displayed. Had we chosen instead m3/2 = m0, a gravitino LSP would be present only
in the lower right half of the plane. Once again lifetimes would typically be longer, aﬀecting
the light element abundances. In this case, only a small corner of the parameter space at
very large m1/2 and very small m0 would survive all constraints.
We now describe an analogous analysis for the CMSSM (m1/2, m0) planes for A0 = 2m0,
tan β = 40. Fig. 11 displays our results for the option m3/2 = 100 GeV. In this case, the
D/H constraint would allow most of the lower half of the parameter plane. This regions
would be allowed by both the 3He/D (except for a small area with low m1/2 and m0) and
4He constraints, but much of it is excluded by the 6Li/7Li ratio, and more strongly excluded
by the 9Be/H ratio. Improvement in the 7Li/H ratio only occurs around an arc starting at
(m1/2, m0) = (3.2, 2) TeV. This arc is for the most part allowed by the other constraints.
Fig. 12 displays the results of a similar analysis for m3/2 = 0.1m0, but with the same
values of the CMSSM parameters. Once again, the neutralino NLSP region is excluded by
the D/H ratio, which is also problematic for a large area with m0 > 1 TeV. The 3He/D
and 4He constraints are qualitatively similar to the previous case. However, the eﬀect of
the 6Li/7Li constraint is somewhat diﬀerent: it excludes a bulbous region of the stau NLSP
segment extending almost to m1/2 ∼ 5 TeV as does the 9Be constraint. In this case, the
arc allowed by the 7Li/H ratio is wider and has shifted to larger masses. As a result, the
only region that has a chance of being compatible with all the light-element constraints has
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Figure 13: Summary of the light-element-abundance constraints in the (m1/2, m0) plane for
A0 = 2m0, tanβ = 40 and m3/2 = 100 GeV (left) and m3/2 = 0.1m0 (right).
constraints, whereas we see no allowed region in the right panel form3/2 = 0.1m0. Comparing
the lifetime contours in Fig. 7 with Figs. 14, 15 and 16, we again see that the preferred ranges
of τNLSP are ∼ 103 s. Choosing the gravitino masses m3/2 = 500 GeV or = m0 would leave
us with results very similar to those described for A0 = 2m0.
The results shown above have been for slices through the CMSSM parameter space
corresponding to (m1/2, m0) planes for fixed tan β and A0. We have also explored how the
results for tanβ = 40 vary as functions of A0 for a couple of values of m0 = 1000, 3000 GeV,
with the results summarized in Fig. 17. The left panel is for m0 = 1000 GeV, which is
typical of the range of m0 in the unshaded regions in the cases studied above. We see that
a large region with m1/2 > 4 TeV and A0 < 2 TeV is unshaded and hence 7Li-compatible.
On the other hand, we see no unshaded region in the right panel for m0 = 3000 GeV, which
is less typical of the values of m0 found in the unshaded regions of previous summary plots.
Therefore, we expect that the features found earlier are quite generic.
Also shown in Figs. 10, 13, 16 and 17 are some representative contours of the lightest
MSSM Higgs boson Mh, as calculated using the FeynHiggs code [94]. This code is generally
thought to have an uncertainty ∼ 1.5 GeV for generic sets of CMSSM parameters, but warns
of larger uncertainties at the large values of m1/2 of interest here 7. Accordingly, we consider
calculated values of Mh ∈ [124, 127] GeV to be compatible with the observed range of 125
to 126 GeV [93], and an even larger range of calculated values of Mh may be acceptable at
large m1/2. In the cases displayed in Fig. 10, we see that the ends of the BBN-compatible
7This may be linked with the irregular behaviours of some calculated contours of Mh in Figs. 13, 16 and
17.
27
GDM/ results
Cyburt, Ellis, Fields, Luo, Olive, VCS 
1 2 3 4 5
m1/2 [TeV]
0.5
1.0
1.5
2.0
2.5
3.0
m
0 
[T
eV
]
tanβ=40 m3/2= 100 GeV
12
4
-0
.1
23
A 0 = 2.5 0m
1 2 3 4 5
m1/2 [TeV]
0.5
1.0
1.5
2.0
2.5
3.0
m
0 
[T
eV
]
tanβ=40 m3/2=0.1 m0
12
4
-0
.1
23
A 0 = 2.5 0m
Figure 16: Summary of the light-element-abundance constraints in the (m1/2, m0) plane for
A0 = 2.5m0, tanβ = 40 and m3/2 = 100 GeV (left) and m3/2 = 0.1m0 (right).
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Figure 17: Summary of the light-element-abundance constraints in the (m1/2, A0) plane for
tan β = 40 and m3/2 = 100 GeV with m0 = 1000 GeV (left) and m0 = 3000 GeV (right).
must be high enough to allow for (4HeX−)+4He→ (8BeX−)+γ to be exothermic, i.e., Q > 0
(cf. eq. 1). Our analysis has assumed as default the B8 = 1.1679 value of ref . [75], which
implies the formation reaction is strongly exothermic, and thus the reverse photodissociation
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Figure 17: Summary of the light-element-abundance constraints in the (m1/2, A0) plane for
tan β = 40 and m3/2 = 100 GeV with m0 = 1000 GeV (left) and m0 = 3000 GeV (right).
must be high enough to allow for (4HeX−)+4He→ (8BeX−)+γ to be exothermic, i.e., Q > 0
(cf. eq. 1). Our analysis has assumed as default the B8 = 1.1679 value of ref . [75], which
implies the formation reaction is strongly exothermic, and thus the reverse photodissociation
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 Gravitino is natural candidate in SUGRA models for DM 

  GDM scenario can be quite involved (bound state eﬀects)

 Inclusion of Gravitino thermal production is important to set bound to 
reheating temperature

 DM scenario and phenomenology  can open an window to Planck 
scale 

 Many-Many Thanks and Congratulations to Keith on his 60th 
birthday !! 
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